Abstract. Glycerol ethers could be the good fuel additives. In recent years, the etherification of glycerol has been widely investigated. We tried to perform the synthesis of glycerol ethers using different alcohols -ethanol, isopropanol, tert-butanol. Amberlyst-15, Amberlyst-36, Montmorillonite K 10, β-zeolite were used as catalysts. The etherification reaction between glycerol and alcohols was carried out under atmospheric pressure, by operating at different temperatures ranging from 60 °C to boiling temperatures, at different reaction times and at both different catalyst/glycerol and alcohol/glycerol rates. We also tried to perform this reaction using ultrasonic and microwave conditions. The best results were achieved, when toluene as a solvent and Amberlyst-36 as a catalyst were used.
I. INTRODUCTION
Biodiesel is fuel made from renewable resources, such as vegetable oils or animal fats, by transesterification. Biodiesel contributes less to global warming than fossils fuels due to the reduction of CO 2 , CO and hydrocarbon emissions from engines. It also decreases national dependence on imported fuels.
For many years, glycerol has mainly been produced from petrochemicals. In recent years, a huge increase in the production of biodiesel has led to the overproduction of glycerol and many synthetic production plants have been closed or reduced.
Therefore, the new uses for glycerol are searched. Now chemists are trying to use the glycerol as a building block for the production of value added products [1] [2] [3] . Glycerol is a source of various solvents, for example, glycerol ethers and esters, propylene glycols, glycerol carbonate, also some oxidation products (e.g., glyceric acid, ketomalonic acid) and other chemicals (e.g., acrolein). Oxygenated additive to the fuels is also a great opportunity for new uses of glycerol. Glycerol cannot be added directly to fuel due to its decomposition and polymerization at high temperatures, which leads to the damage of an engine. Glycerol must be modified to derivatives, which are compatible with diesel or biodiesel, prior being added to the fuel. Glycerol alkyl ethers could be good fuel additives. There are various research papers addressed to the production of alkyl ethers of glycerol [4] [5] [6] [7] [8] . The synthesis of glycerol tert-butyl ethers from isobutene and glycerol catalyzed by acidic homogenous catalysts (e.g., p-toluene sulfonic acid) and generally by heterogeneous catalysts, such as strong acid ion-exchange resins or zeolites, is widely investigated. The main problem is availability of isobutene and the need for autoclave.
The etherification of glycerol with alcohols was also investigated but mainly in an autoclave reactor [9] [10] [11] .
In this study, we present some results of glycerol etherification by ethanol, isopropanol and tert-butanol in the presence of heterogenic catalysts -ion exchange resins, largepore zeolite and montmorillonite clay. Reaction was carried out in glass flasks under reflux in solvents or solvent-free conditions. The influence of catalyst concentration, mole ratio of alcohol/glycerol, microwave and ultrasonic irradiation were investigated.
II. RESULTS AND DISCUSSION
The synthesis of glycerol ethers was performed in the presence of Amberlyst 15, Amberlyst 36, β-zeolite (hydrogen form) and Montmorillonite K10 as catalysts without a solvent or in a toluene or 1,4-dioxane solution. Catalysts were used both in raw and pre-treated by heating at different temperatures with different processing time. Amberlyst 15 and Amberlyst 36 were heated at temperature of 120 °C for 10 hours, β-zeolite at 400 °C for 4 hours, Montmorillonite K10 at 200 °C for 2 hours. The samples of reaction products were analysed by thin-layer and gas-liquid chromatography, and the structure was determined by NMR spectroscopy. Products were separated by fractional vacuum distillation. If necessary, the compounds were purified by column chromatography using silica gel as an adsorbent and ethylacetate as an eluent.
Etherification of glycerol with ethanol failed. We obtained only a small amount (2-3%) of the desired products. Attempts to increase the glycerol conversion varying different catalysts, their amount and the reaction time were not successful.
The main product of isopropanol reaction with glycerol is 3-alkoxypropane-1,2-diol (1a). The yield of 1,3-dialkoxypropane-2-ol (3a) amount is less than 10%. After vacuum distillation, we obtained compounds (1a, 3a) with purity of 95-97%. Flash chromatography gave these compounds with purity more than 98%.
In the gas-liquid chromatograms of reaction mixture, two additional peaks were found in small quantities, 2-5% (peak area). Attempts to separate these compounds were unsuccessful, but we thought that these compounds were 2-alkoxypropane-1,3-diol and 1,2-dialkoxypropane-3-ol. Etherification of glycerol with isopropanol without a solvent over Amberlyst-15 as a catalyst in various amounts resulted in the formation of monoether 1a in the yield of 14-20%. Small amount of impurities of other products 3-6% was obtained. The glycerol conversion was only 17-26% (Table  1) . Attempts to separate other reaction products in the pure form failed. The results revealed that it was not necessary to use a catalyst over 10% since neither glycerol conversion nor product yield or selectivity significantly changed. Also a long reaction time (24 hours) did not increase the glycerol conversion or the product yield. The main product of glycerol etherification with tert-butanol was monoether 1b. The yield of the ether 1b depending on reaction conditions varied from 4 to 40%. The best result (40% yield) was achieved when Amberlyst 36 as a catalyst in 5.5 wt.% to glycerol was used (Table 1 ). Attempts to improve glycerol conversion by microwave or ultrasonic irradiation failed in both cases. Irradiation accelerated the reaction, but the conversion rate of glycerol or product yield did not change significantly. Maximum of glycerol conversion in the case of isopropanol was achieved after 40-50 minutes, but in the case of tert-butanol reaction after 30-45 minutes and then the reaction stopped.
Water could inhibit the reaction, therefore the use of preliminary dried catalyst and alcohol was tried, but it increased the conversion of glycerol only insignificantly. Attempts to add water removing substances, such as molecular sieves, also did not give the expected results, and glycerol conversion was low. Another reaction was performed in the solution of toluene, which at the same time works as a water removing agent. It was observed that the addition of toluene to glycerol in the ratio 5-6: 1 and the use of a Dean-Stark trap significantly increased the conversion of glycerol. Four catalysts -Amberlyst 15, Amberlyst 36, Montmorillonite K10, Zeolite β -were tested. The best result was achieved when Amberlyst 36 (3% wt.% to glycerol) was used as a catalyst, glycerol: tert-butanol: toluene ratio was 1:4:6 and the reaction time was 3 hours. Glycerol conversion in this case was ~67% and the yield of 3-tertbutoxypropane-1,2-diol (1b) was 60%. Under these reaction conditions, Amberlyst 15 and Montmorillonite K10 were less active. Yields of alkylethers 1b, 3b were 54% and 43%, respectively. Unworked Zeolite β did not show any catalytic activity after heating at 320 °C for 4 hours. Zeolite β showed a very low activity. Also wet Amberlyst 15 was inactive. It was found that in the tert-butanol reaction with glycerol, the ratio of monoalkylglycerol: dialkylglycerol amount depended on the catalyst concentration and the reaction time. Extension of the reaction time from 2 to 8 hours increased the conversion of glycerol from 63% to 73% (Table 2 ), but the yield of glycerol ethers decreased and additionally we found oligoglycerols in the yield of 2-5%. These products were not separated, but according to NMR a mixture of different oligoglycerols was formed. It was observed that isobutene was also produced, i.e., a reversible reaction took place and led to a decrease in the yields of alkylglycerols. An increase in the amount of catalyst Amberlyst 15 to 10 wt.% did not lead to a higher yield of alkylethers 1b, 3b, but only increased the speed of the reaction.
The catalysts, Amberlyst 15 and Amberlyst 36, were separated, and after washing with water, ethanol and drying at 110 °C they were re-used. The observed catalytic activity for the recycled catalysts was the same as a new one.
Two other solvents 1,4-dioxane and ethanol were tested. Yield of glycerol ethers in solution of 1,4-dioxane compared with toluene was slightly lower and reached only 44%. Ethanol was an unsuitable solvent for glycerol etherification. In this case, the yield was only 2-4%. From these studies we can conclude that the choice of a solvent is essential and, to a considerable extent, it influences the etherification reaction. Glycerol monoethers 1a, 1b and diether 3b, which were not available commercially, were isolated from the reaction products by vacuum distillation, followed by column chromatography and identified by 13 C-NMR and 1 H-NMR spectrometry [12] . Data of 13 C-NMR and 1 H-NMR spectra for compounds 1a, 1b, 3b are summarized in Tables 3 and 4 . IR spectrometry was used to identify ethers 1b, 3b, but unfortunately, spectra were too complicated to interpret.
III. EXPERIMENTAL SECTION

Materials
All reagents and solvents were of reagent quality and obtained from commercial suppliers. Amberlyst 15 hydrogen form dry, Amberlyst 36 and Montmorillonite K-10 from Sigma-Aldrich, Zeolite β, hydrogen powder from Alfa Aesar, Amberlyst 15 wet 70 from Acros Organics, glycerol, isopropanol, tert-butanol, toluene, 1,4-dioxane from Roth. Silica gel 60 purchased from Rocc. Amberlyst 15 and Amberlyst 36 was heated at the temperature of 120 °C for 10 hours, β-zeolite at 400 °C for 4 hours, Montmorillonite K10 at 200 °C for 2 hours.
Measurements
IR spectra (thin films) were recorded on a Thermo-Nicolet 5700 spectrometer. 
Typical Procedure for the Synthesis under Solvent-free Conditions
In a three neck flask equipped with a magnetic stirrer, thermometer, reflux condenser 23g (0.25 mol) of glycerol, 74 g (1 mol) of tert-butanol and 2.3 g of Amberlyst 15 catalyst were placed. The mixture was heated under reflux and stirred for 2 hours. The reaction mixture was cooled down and filtered to a separate catalyst. The excess of tert-butanol was evaporated under reduced pressure and the remaining yellowish oil was subjected to fractional vacuum distillation. The first fraction was collected at 85-105 °C (2-4 mbar), and the second fraction at 120-130 °C (2-4 mbar). The first fraction contained glycerol ether 1b (93-94%) and 3b (3-4%), the second one mainly pure glycerol. To separate the glycerol ethers 1b (R f 0.4) and 3b (R f 0.8), the first fraction was chromatographed by flash chromatography (silica gel 60, ethylacetate). Ethers 1a, 1b, 3b were obtained with a purity > 98%. Samples of products were analysed by thin-layer and gas-liquid chromatography. 
Typical Procedure for the Synthesis in the Solvent Containing Media
In a three neck flask equipped with a magnetic stirrer, thermometer, condenser 23g (0.25 mol) glycerol, 74 g (1 mol) tert-butanol 2.3 g Amberlyst 15 catalyst and 130 ml of toluene were placed. The mixture was heated under reflux and stirred for 2 hours. The reaction mixture was cooled down and filtered to a separate catalyst. Toluene and excess of tert-butanol were evaporated under reduced pressure and the yellowish oil was subjected to fractional vacuum distillation. The first fraction was collected at 85-105 °C (2-4 mbar), the second one at 120-130 °C (2-4 mbar). The first fraction contained glycerol ethers 1b and 3b (93-94%), and the second one contained mainly pure glycerol. To separate glycerol ethers 1b (R f 0.4) and 3b (R f 0.8), the first fraction was chromatographed by flash column chromatography (silica gel 60, ethylacetate).
III. CONCLUSIONS
The catalysts, Amberlyst 15, Amberlyst 36, Montmorillonite K-10, Zeolite β, supported the etherification of glycerol with tert-butanol and, as a result, the mixture of products was formed. Main product of reaction was 3-alkoxypropane-1,2-diol (1a, b) .
The 1,3-Dialkoxypropane-2-ol (3a, b) was also formed, but the yield did not exceed 10%. The best results were achieved with a catalyst Amberlyst 36. The implementation of reaction in toluene significantly increased the glycerol conversion and yield of glycerol ethers. Microwave and ultrasound irradiation accelerated the reaction, but the conversion rate of glycerol or product yield did not change significantly. The catalysts, Amberlyst 15, Amberlyst 36, can be re-used more than three times without any loss of activity.
13 C-NMR and 1 H-NMR spectra are valid to identify and characterize the glycerol alkylethers. Thin-layer and gasliquid chromatography allowed controlling and optimizing the etherification reaction of glycerol.
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